T he plant receptor kinase BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1) is known as a partner of several ligand-binding leucinerich repeat receptor kinases, including BRASSINOSTEROID INSENSITIVE 1 (BRI1) and the flagellin receptor FLS2. Autophosphorylation of receptor kinases is recognized to be an important process in receptor kinase signaling, and at least with the recombinant protein, BAK1 was shown to autophosphorylate on Tyr residues 1 in addition to numerous Ser/Thr residues documented previously in reference 2. We recently identified Tyr-610 in the carboxy-terminal domain of BAK1 as a major site of autophosphorylation and showed that phosphorylation of this residue is essential for at least some functions of BAK1 in vivo. 3 In particular, the function of BAK1 as co-receptor with BRI1 in brassinosteroid (BR) signaling is impaired in transgenic plants expressing the BAK1(Y610F) Karlova et al. 31 identified the corresponding tyrosine residue of SERK1 as a site of autophosphorylation in vitro. However, it remains to be determined whether autophosphorylation of this Tyr is essential for kinase activity or whether the hydroxyl group is essential, although we strongly suspect the latter. The fourth residue that is required for BRI1 activity is Tyr-1052, which is replaced with a His residue in BAK1.
Although BRI1 and BAK1 both contain about the same number of Tyr residues in their kinase domains (9 and 8, respectively), only four of these are conserved. Three of these are essential for BRI1 kinase activity and have already been discussed, and the fourth Tyr corresponds to Tyr-988 in BRI1 and Tyr-304 in BAK1. These residues are located in the ATP-binding domain (GxGxxGVY), which is highly conserved across the plant LRR-RLK family but apparently not required for activity. Collectively, these results suggest that the Tyr residues essential for kinase activity cannot necessarily be predicted by conservation of primary structure even when demonstrated to be required for activity of one kinase.
Phosphorylation of BAK1 at the Tyr-610 site was documented to occur in vivo and following pretreatment of seedlings with brassinazole, was found to be strictly dependent on exogenous BL, establishing a close link with BR signaling. 3 It will be interesting to determine whether Tyr-610 phosphorylation can similarly be induced by other ligands (e.g. flg 22) that activate receptor kinases for which BAK1 serves as coreceptor. However, a link with BR signaling is established 3 and it is intriguing that earlier studies with pea (Pisum sativum L.) reported that exogenous BL treatment increased the apparent Tyr phosphorylation of several leaf proteins. 32 How Tyr phosphorylation of downstream components might be affected by BR signaling certainly emerges as an interesting aspect to pursue in future studies.
Phosphorylation of BAK1 at the Tyr-610 Site is Essential for Enhanced BR Signaling in vivo
That phosphorylation of BAK1 at the Tyr-610 sites plays a positive role in BR which is also known as BAK1, can multitask 24 as coreceptor with BRI1 in BR signaling, 2, 25 BIR1 in control of cell death,
26
FLS2 in flg22 signaling, 27 EFR in elf18 signaling, 28 and PEPR1 and PEPR2 in Pep1 signaling. 29, 30 In its role as coreceptor, BAK1 is thought to bind to the receptor kinase in a ligand-dependent manner, and to then autophosphorylate and also transphosphorylate sites on the receptor kinase.
2 How the various functions and interactions of BAK1 are regulated is not known but conceivably site-specific (auto) phosphorylation could play a role. In the present report, we discuss the occurrence of Tyr autophosphorylation of BAK1 and present a simplified model to describe different mechanisms that may be involved in Tyr signaling by this multifunctional receptor kinase.
BAK1 is a Dual-Specificity kinase
We identified the major site of Tyr autophosphorylation of BAK1 as Tyr-610 in the carboxy-terminal domain. This was done initially by mutagenic analysis and then confirmed using sequence-specific antibodies. 3 Thus, BAK1 is unequivocally established as a dual-specificity receptor kinase. The mutagenic analysis also identified Tyr-463 as essential for kinase activity, as the BAK1(Y463F) directed mutant was almost completely inactive. Interestingly, BRI1 has four Tyr residues that are essential for kinase activity as single substitutions with Phe produced kinase-inactive recombinant proteins and when expressed in bri1-5 plants all failed to rescue the dwarf phenotype of this weak allele mutant. 1 Three of these essential residues in BRI1 (Tyr-956, -1057 and -1072) have a corresponding Tyr in the BAK1 sequence but only one of them is required for BAK1 activity (Tyr-956 in BRI1 corresponding to Tyr-463 in BAK1, see Fig. 1 ). The Tyr residue that is essential for both BRI1 and BAK1 activity is located immediately adjacent to the characteristic [AP] PE sequence at the end of the kinase activation loop. From an alignment of the 110 RD-type leucine-rich repeat RLKs in Arabidopsis, we noted that 97 RLKs have a tyrosine at this position, suggesting that it may be essential for the catalytic activity of the majority of these receptor kinases.
BAK1 function together in BR signaling and many downstream components have been identified and studied in detail. Brassinosteroid signaling kinase 1 (BSK1) may be the first downstream component that is phosphorylated by BRI1, which then activates the protein phosphatase BSU1 that can dephosphorylate/inactivate BIN2 (a glycogen synthase 3 protein kinase), which is the kinase that phosphorylates the transcription factors BZR1 and BZR2/BES1. 11 As a result, dephosphorylation of the transcription factors is promoted, which allows them to move into the nucleus to up or downregulate the many genes that are controlled by BR signaling. 12, 13 The Arabidopsis genome contains more than 600 receptor-like kinase homologues. 8 The Leucine-Rich Repeat Receptor-Like Kinases (LRR-RLKs) with 223 members is the largest subfamily and several of these plant receptor kinases have proven functional roles in the regulation of plant growth, morphogenesis, disease resistance and responses to environmental stress signals, [14] [15] [16] [17] but the functions of the vast majority of this large and important family of signal transduction molecules remains unknown. In addition to BRI1 and BAK1, which are essential for BR sensing and signaling, 18, 19 several other LRR-RLK members have identified functions including CLAVATA1, which controls meristematic cell fate, 20 ERECTA, which specifies organ shape, 17 HAESA, which plays role in floral organ abscission, 21 TOAD2, which plays a role in embryonic pattern formation, 22 and BAK1/AtSERK3 and FLAGELLIN-SENSITIVE2 (FLS2), 23 which function together in innate immunity after binding the bacterial flagellin peptide (flg22) ligand.
In response to the activating ligand, receptor kinases either form homodimers or heterodimers, by interacting with another receptor kinase that itself does not bind the ligand and is referred to as the coreceptor. In many cases, the coreceptor has probably not yet been identified and at least some receptor kinases can serve as coreceptors in multiple signaling pathways. Such is the case with the somatic embryogenesis receptor-like protein kinases (SERKs). For example, SERK3,
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shown in Figure 3 is binding of BRI1 and BAK1. At least in vitro, the Y610F mutant binds normally to BRI1 with a Kd of 52 to 65 nM. 3 Interestingly, the binding of BRI1 to BAK1 in vitro was dependent on divalent cations, as illustrated in Figure 4 for Mg 2+ . Presumably, binding of Mg 2+ to one or both kinases resulted in a conformational change that promoted the interaction. All protein kinases are thought to bind two divalent cation molecules in the active site. 37 One molecule is directly involved in nucleotide binding (e.g., the Mg-ATP substrate) while the second binds independently and with lower affinity (e.g., typically mM concentrations). These results suggest that cytosolic [Mg 2+ ] may be important for BR signaling. altered expression of many BL-regulated genes, including many that are associated with growth. 3 Finally, the ability of the BAK1(Y610F) directed mutant to transphosphorylate the kinase inactive mBRI1 was severely impaired, 3 which provides a possible explanation for reduced BR signaling in vivo as reciprocal transphosphorylations have been shown to be essential for enhanced BR signaling.
2 Our current working model for the role of Tyr-610 phosphorylation in BR signaling is summarized in Figure 3 . It will be interesting to determine whether other transphosphorylation reactions catalyzed by BAK1 are impacted by the Y610F directed mutation.
An important first step in the reciprocal transphosphorylation reactions signaling was suggested initially by the dwarfed phenotype of plants expressing the BAK1(Y610F)-Flag directed mutant. 3 Several additional lines of evidence support this notion. Firstly, the Y610F plants had dramatically reduced responses to exogenous brassinolide (BL) in terms of two well recognized physiological read-outs of BR signaling: (1) hypocotyl elongation 2, 33, 34 and (2) dephosphorylation of BES1. 35, 36 The former observation is also apparent in the reduced hypocotyl lengths of seedlings grown in the absence of exogenous BL, with Y610F plants having the shortest hypocotyls, followed by Y610E plants and wild type BAK1-Flag plants (Fig. 2  and reviewed in ref. 3) . Secondly, plants expressing BAK1(Y610F)-Flag had Figure 1 . clustal W alignment of the cytoplasmic domains of BrI1 and BaK1 identifying tyr residues essential for kinase activity or identified as sites of autophosphorylation. the predicted transmembrane domains are underlined and the juxtamembrane and carboxy-terminal domains are in blue. tyrosine residues essential for kinase activity are shown in red, and identified sites of tyr autophosphorylation are in bold italics and include BrI1 tyr-831 and tyr-956 and BaK1 tyr-610. an in vitro site of SerK1 tyr phosphorylation that was identified 31 is shown projected onto the BaK1 sequence (underlined tyr residue).
Basal Defense-Related Genes were Significantly Downregulated in Tyr-610 Transgenic Plants
As described earlier, BAK1 is involved in pathogen defense mechanisms as a required coreceptor with several pattern recognition receptors, including FLS2, EFR and PEPR1/2 that function in the recognition of specific PAMPs. Binding of the flg22 peptide-derived from the conserved region of bacterial flagellin-induces a number of defense-related responses while also inhibiting seedling growth. We examined the ability of the flg22 elicitor to inhibit growth of Arabidopsis seedlings expressing the BAK1(Y610F)-Flag directed mutant. On a relative basis, flg22 inhibited the growth of the Y610F directed mutant to a similar extent as plants expressing wild type BAK1-Flag, indicating that phosphorylation of Tyr-610 is not required for at least one of the physiological responses of BAK1 when it functions as coreceptor with FLS2. Our genome-wide transcriptome analyses also uncovered an expanded link between BAK1 and plant defense mechanisms. 4 As noted above, plants expressing the BAK1(Y610F)-Flag directed mutant had altered expression levels of ~200 genes that are known to be BL-regulated in nontransgenic plants. However, many genes that are not BL regulated were also altered in expression in the Y610F plants. The majority of these were downregulated in Y610F plants and roughly one-quarter (corresponding to ~200 genes) were functionally categorized as being associated with response to stresses or biotic/ abiotic stimulus. 3 The reduced expression of defense genes in the Y610F mutant plants likely explains the increased growth of the non-pathogenic hrpA mutant of Pseudomonas DC3000 on Y610F plants. 3 Although not yet tested, the transcriptome results suggest that Y610F plants may be broadly susceptible to pathogens. For example, ESP encodes the epithiospecifier protein, which interacts with WRKY53 and promotes the hydrolysis of glucosinolates to nitriles. 42 Accordingly, altered expression of ESP has been shown to influence Trichoplusia ni herbivory. The ESP gene was significantly upregulated (>60 fold) in Y610F plants, suggesting 
Working Model for Role of Tyr Phosphorylation and Future Directions
BAK1 is a coreceptor and positive regulator of several signaling pathways, including BR-and flagellin-signaling and is a negative regulator of programmed cell death and, interestingly, phosphorylation of Tyr-610 is required for some but not all functions of BAK1 (Fig. 5) . How the phosphorylation status of Tyr-610 affects the functions of BAK1 in various signaling pathways is not clear but there are several possibilities to consider. The first is that phosphorylation of Tyr-610 is simply required for proper interaction with certain associated receptor kinase such that efficient transphosphorylation can occur, 2 and this altered functional interaction in the Y610F directed mutant with BRI1 may explain the reduced BL-signaling observed in vivo. 3 A second possibility is that phosphorylation of Tyr-610 may be directly recognized by phosphotyrosinebinding proteins such as SH2-domain containing proteins 38 and thereby directly contribute to protein:protein interactions in the signaling complex. A third possibility is that phosphorylation of Tyr-610 affects accessibility of the adjacent PXXP motif (Y 610 PSGPR COOH ). PXXP motifs bind to Src homology 3 (SH3)-domain containing proteins and are known to play a critical role in many cellular processes in animal. 39 Arabidopsis contains a small family of SH3 domain-containing proteins that are involved in clathrin-mediated vesicle trafficking 40 and are certainly potential interactors that could be involved in control of BAK1 endocytosis. Arabidopsis is also predicted to contain numerous other protein-binding signaling domains 41 such as WW domains, which also bind to proline-rich sequences and PDZ domains, which interact with C-terminal sequences of proteins. An important focus of future work will be to determine whether any proteins interact with the PXXP motif at the carboxy-terminus of BAK1 and whether this interaction is influenced by phosphorylation of Tyr-610. may be more sensitive and/or preferentially susceptible to herbivory by chewing insects. Broad susceptibility to pathogens is predicted by the striking downregulation of many defense-related genes in the absence of pathogen challenge, and apparently this is specifically modulated by phosphorylation of Tyr-610. . Binding was measured using the ForteBio Octet, which uses fiberoptic sensors to detect protein:protein interactions via biolayer interferometry. 
